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Abstract 

The  problem  of  macro-scheduling  in  systems  with  a  variety  of  processors  so 
as  to  achieve  maximum  productivity  is  posed.  System  balance,  an  objective  of 
scheduling  is  defined  as  a  state  in  which  the  demand  of  the  service  set  matches 
the  capacity  of  processors.  Productivity,  the  measure  of  system  balance  is  the 
sum  of  processor  utilizations.  Methods  for  balancing  are  surveyed  using  simula¬ 
tion  and  an  efficiency  study  of  five  balancing  algorithms  is  carried  out.  The 
simulated  macro-schedulers  vary  in  their  complexity  as  well  as  in  their  input 
requirements.  Results  indicate  an  improvement  in  average  processor  utilization 
by  up  to  15  percentage  points  over  a  non-balancing  algorithm.  However,  none  of 
the  examined  macro-schedulers  proved  to  be  consistently  superior  to  the  oth¬ 
ers. 
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1.  Introduction 

In  this  paper  we  attempt  to  ascertain  the  optimum  macro-scheduling  algo¬ 
rithm,  which  during  some  specified  time  interval  will  maximize  productivity,  i.e. 
the  volume  of  work  provided  by  a  multiprogramme d  computer  system.  The 
macro-scheduler  is  a  part  of  an  operating  system  responsible  for  the  make-up  of 
the  service  set*,  which  is  the  set  of  jobs  residing  in  main  storage.  At  invokation 
time,  the  macro-scheduler  selects  jobs  to  be  loaded  into  main  storage  for  pro¬ 
cessing.  During  a  scheduling  interval,  the  time  between  two  consequtive  invoka- 
tions,  no  new  jobs  are  loaded.  The  macro-scheduler  selects  from  the  inactive 
set,  i.e.  from  the  set  of  jobs  which  resides  in  secondary  storage  ready  to  be  exe¬ 
cuted.  In  some  systems,  e.g.  those  where  there  is  a  virtual  memory,  the  macro¬ 
scheduler  decides  what  jobs  to  swap  out  of,  as  well  as  into,  main  storage,  i.e.  jobs 
can  be  added  to  or  deleted  from  the  service  set.  In  other  systems,  once  a  job  is 
loaded,  it  remains  in  the  service  set  to  completion. 

The  contents  of  the  service  set  influence  the  performance  of  the  computer 
system.  Both  user-oriented  and  system-oriented  performance  measures  are 
affected  by  the  macro-scheduler.  For  example,  a  class  of  customers  can  be 
guaranteed  fast  response-time  by  a  consistent  preferential  treatment  from  the 
macro-scheduler.  Another  example  of  the  effect  of  the  service  set  on  perfor¬ 
mance  is  when  a  selection  of  jobs  for  the  service  set  causes  one  processor  to 
become  heavily  utilized  while  others  experience  low  utilizations.  This  results  in 
low  throughput  -  a  slowdown  in  the  rate  at  which  jobs  are  completed  by  the  sys¬ 
tem. 

User-oriented  and  system-oriented  objectives  may  conflict.  A  major  prob¬ 
lem  in  the  design  of  macro-schedulers  is  the  resolution  of  this  conflict.  In  this 

•The  service  set  is  also  known  as  the  active  mix,  the  multiprogramming  mix,  or  the  resident 
set. 
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paper  we  are  concerned  with  one  aspect  of  this  problem,  namely,  maximizing 
system  productivity.  Why  bother  optimizing  one  performance  measure  if,  in 
reality,  the  macro-scheduler  needs  to  reach  a  compromise  between  conflicting 
objectives?  Two  practical  answers  are  suggested: 

1.  Some  macro-schedulers  employ  two  separate  modules  each  pursueing  a 
different  objective.  The  combined  macro-scheduler  receives  swap  recommenda¬ 
tions  from  these  modules  and  unifies  them.  This  is  the  design,  for  example,  of 
the  system  resources  manager  (SRM)  which  is  the  macro-scheduler  for  the  IBM 
OS  VS2  operating  system  [19  and  14]. 

2.  A  macro-scheduler  for  optimizing  a  system  objective  can  be  one  of  two  (or 
more)  macro-schedulers  used  by  the  system.  Normally,  a  macro-scheduler  for 
optimizing  the  user  objective  is  used.  Only  when  special  conditions  arise,  will 
the  operating  system  switch  to  invoke  the  algorithm  for  optimizing  the  system 
objective.  Such  conditions  can  arise  when  there  is  an  exceptionally  high  load  on 
the  system,  an  imbalance  in  the  utilization  of  processors,  or  when  user  perfor¬ 
mance  measures  are  within  acceptable  bounds  and  there  is  the  possibility  of 
exercising  other  options. 

Practically,  a  system-oriented  macro-scheduler  will  be  invoked  when  spe¬ 
cial  situations  occur  to  provide  recommendations  for  the  next  scheduling  inter¬ 
val.  For  this  reason,  and  because  new  jobs  keep  on  arriving  to  the  inactive  set 
during  the  scheduling  interval,  we  require  the  macro-scheduler  to  be  best-one- 
step.  A  best-one-step*  algorithm  attempts  to  optimize  a  performance  measure 
for  the  next  scheduling  interval  only,  as  opposed  to  longer  times.  Moreover,  we 
will  not  include  storage  optimization  among  the  objectives  of  the  macro- 
scheduler.  Storage  optimization  is  connected  to  the  problem  of  choosing  an 
appropriate  level  of  multiprogramming.  Operating  systems  usually  employ  spe- 


*  The  best-one-step  algorithm  is  similar  to  the  greedy  algorit.im  [17]. 
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cial  storage  management  modules  to  resolve  such  problems. 

In  the  next  section  we  discuss  system  balance,  an  objective  for  the  macro¬ 
scheduler,  and  survey  the  strategies  suggested  for  achieving  it.  Section  3  con¬ 
tains  a  description  of  five  algorithms  which  implement  strategies  for  balancing 
the  system,  a  definition  of  the  measure  of  performance  used,  a  discussion  of 
simulations,  results,  and  conclusions. 
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2.  The  principle  of  balancing  -  a  survey 

Early  studies  of  macro-scheduling  algorithms  attempted  to  optimize  the 
use  of  just  one  computer  resource.  Generally,  it  is  the  CPU  [25  and  5];  some¬ 
times  it  is  main  storage  utilization  [3],  or  the  utilization  of  the  channel  between 
two  levels  of  storage  [21].  Most  analytic  studies  which  view  the  computer  system 
as  a  collection  of  resources  make,  sometimes  implicitly,  system  balance  the 
objective  of  macro-scheduling. 

2.1.  The  objective  of  system  balance 

According  to  Denning  [7]  a  system  is  balanced  when  the  total  demand  of  the 
service  set  matches  the  available  equipment.  In  this  paper,  we  are  concerned 
with  dynamic  balance,  the  problem  of  adjusting  the  load  to  the  existing  equip¬ 
ment,  as  opposed  to  static  balance,  the  problem  of  determining  an  optimum 
equipment  configuration  for  a  given  job  mix. 

In  his  Ph.D.  thesis  [7],  Denning  investigated  the  issue  of  dynamically  allocat¬ 
ing  limited  processor  and  main  storage  resources  among  users  as  a  supply-and- 
demand  problem.  His  solution  was  system  balance,  i.e.  matching  total  system 
demand  to  system  capacity.  Denning’s  thesis  deals  specifically  with  paging  sys¬ 
tems  in  which  the  equipment  consists  of  main  storage  and  a  group  of  identical 
processors.  There  are  two  types  of  demand  in  such  a  system.  Storage  demand 
is  defined  as  the  ratio  of  the  number  of  pages  required  by  the  working  sets  of  all 
active  jobs  to  the  number  of  pages  in  main  storage.  Processor  demand  is 
defined,  for  a  multiprocessing  system*,  as  the  ratio  of  the  number  of  processors 
immediately  needed  by  all  active  jobs  to  the  number  of  processors  in  the  sys¬ 
tem.  Corresponding  to  system  demand,  system  balance  is  represented  as  a  pair 
(a,  jff),  where  a  is  processor  balance  and  /3  is  storage  balance.  The  values  of  a 


*A  different  definition  is  used  in  the  case  of  single-processing  sy  items. 
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and  jS  are  to  be  determined  by  the  system  administrators.  Denning  proposed 
making  a  and  0  less  than  1  for  the  following  reasons: 

1.  the  utilization  of  processors  should  be  kept  at  a  level  which  ensures  accept¬ 
able  response  time  to  all  users,  and 

2.  the  system  should  maintain  a  reservoir  of  pages  in  main  storage  to  avoid 
thrashing. 

The  objective  of  the  macro-scheduler  in  such  a  scheme  is  to  achieve  system 
balance,  i.e.  to  make  processor  demand  equal  to  cx,  and  storage  demand  equal  to 
Denning  outlined  an  algorithm  which  is  nearly  optimal  for  reaching  storage 
balance.  The  algorithm  solves  a  Knapsack  problem,  i.e.  it  loads  main  storage  to 
the  desired  level  according  to  the  principle  of  maximum  value  per  unit  of 
weight.  Given  an  objective  function  which  determines  the  value  of  loading  a  job, 
the  jobs  with  the  highest  ratio  of  value  to  storage  demand  are  selected.  The 
problem  of  balancing  both  storage  and  processors  was  left  unsolved. 

Denning  did  not  attempt  to  solve  the  problem  of  macro-scheduling  in  a  sys¬ 
tem  with  different  processors,  but  his  objective  of  system  balance  is  still  appli¬ 
cable.  We  define  system  balance  in  this  context  as  a  situation  in  which  the  pro¬ 
cessing  demand  of  the  service  set  matches  the  capacity  of  the  processors.  The 
indicator  of  processor  balance  is  its  utilization.  In  section  3.3  a  measure  of  sys¬ 
tem  balance  will  be  defined  and  compared  with  other  performance  measures. 

Another  divergence  from  Denning’s  approach  is  fixing  the  value  of  processor 
balance  at  1.  Our  reason  for  doing  this  is  that  our  objective  is  system-oriented 
and  is  not  concerned  with  user  priorities.  Moreover,  in  this  study  we  are 
interested  in  the  optimal  algorithm  for  reaching  a  system  balance,  regardless  of 
the  values  at  which  the  balance  is  set.  The  technique  of  balancing,  however,  is 
still  useful  when  other  values  of  processor  balance  are  used.  Response-times, 
for  instance,  can  be  incorporated  into  this  scheme  by  setting  the  levels  of  pro- 
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cessor  balance  according  to  user  priorities.  Such  a  procedure  was  suggested  by 
Streeter  [23]. 

Before  investigating  macro-schedulers  for  systems  with  a  variety  of  proces¬ 
sors,  we  note  some  other  applications  of  the  balance  objective.  Geek  [13] 
reports  on  balancing  load  over  CPU,  I/O  and  main  storage  in  a  B6700  with  a  vir¬ 
tual  memory  operating  system.  However,  the  balancing  is  not  done  by  control¬ 
ling  the  mix  in  the  service  set,  but  by  adjusting  parameters  which  partially 
transform  load  among  resources.  In  this  case,  tuning  the  percentage  of  overlay- 
able  main  storage  to  be  overlayed  in  advance  within  one  minute  shifts  load 
between  the  main  storage  and  the  CPU-I/O  processors.  An  improvement  of  sys¬ 
tem  throughput  between  8%  and  18%  has  been  recorded  with  this  method. 

Denning  et.al.  [11,  see  also  4]  in  a  study  of  virtual  memory  systems  use  the 
balance  of  the  paging  device  as  a  criterion  for  macro-scheduling.  Finally, 
Leroudier  and  Potier  [18]  show  that  levelling  the  utilization  of  processors,  i.e. 
having  all  processors  (except  for  the  paging  device)  utilized  to  the  same  degree 
tends  to  increase  throughput.  These  results  corroborate  earlier  findings  by  Den¬ 
ning  [8,  9,  and  10],  Wulf  [26],  and  Buzen  [6]. 

2.2.  Strategies  for  reaching  system  balance 

Four  macro-scheduling  strategies  proposed  by  earlier  authors  are  outlined. 
In  all  of  them  the  system  objective  is  similar  to  Denning’s,  i.e.  system  balance, 
but  unlike  Denning,  the  system  under  consideration  has  a  variety  of  processors. 
Each  job  in  the  system  has  demands  for  main  storage  and  for  a  few  specific  pro¬ 
cessors.  The  first  two  algorithms  assume  that  for  every  job  the  scheduler  has 
information  about  its  storage  demand  and  the  ratios  of  its  processing  demands 
for  the  next  scheduling  interval.  A  stronger  assumption,  that  of  knowing  the 
absolute  amounts  of  processing  to  be  consumed  by  a  job  is  not  applicable  to 
most  systems.  However,  the  ratios  of  processing  demands  of  a  job  can  be 
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monitored,  and  these  are  unlikely  to  be  affected  much  by  the  mix  with  which  the 
job  resides.  As  a  result,  an  estimate  of  future  ratios  of  consumption  can  be 
based  on  monitored  information  as  well  as  user  estimate  of  his  job's  overall 
demand,  if  available. 

Mahl  [20]  in  his  Ph.D.  thesis  tried  to  find  a  set,  S,  of  active  jobs  which  max¬ 
imizes  the  economic  function 


E  =  E  CiWi 
itS 


under  the  constraints  of: 


I.  main  storage  capacity  2  -  &  and 

ieS 

II.  processors  capacity 


Wi  +  ai’j  wi'  -  1  for  aU  izS 

jtR 


Pi’j  <  Pij 


where: 


C*  =  urgency  characteristic  of  job  i 
Wi  =  effective  progress  rate  of  job  i,  i.e. 

_  time  job  i  is  processed 
Wi  scheduling  interval 

bi  =  amount  of  main  storage  required  by  job  i 


6 ,  = 


0  if  Wi  =  0 


1  1  if  Wi  >  0 

B  =  main  storage  capacity 

R  =  set  of  processors 

Oij  =  relative  amount  (per  time  unit)  of  processor  j  which 
is  needed  by  job  i 

Pij  =  an  integer  representing  the  preemptive  (micro-scheduling) 


priority  of  job  i  for  processor  j 
Pij  ~  Pkj  <=:=>  i  —  k 
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Pii  <  Pkj  <==>  job  i  has  higher  priority  than  k  for  processor  j. 

In  this  approach,  the  macro-scheduler  is  given  a^.bi,  and  C*  to  determine 
Pq  and  Wi  for  all  jobs  and  processors.  In  order  to  avoid  an  exhaustive  examina¬ 
tion  of  all  possible  selections  and  priority  assignments  for  the  service  set,  the 
following  procedure  is  suggested  by  Mahl.  Each  processor  j  is  assigned  an  initial 
weight,  Kj  ( Km  denotes  the  weight  assigned  to  main  storage),  and  every  job  i  an 
initial  progress  rate,  wt.  Then  the  desirability  of  a  job 

di  =  - S - 

^  biKm  +  S 

jeR 

is  computed.  New  values  for  io*  are  selected  according  to  the  principle  that  jobs 
having  a  larger  di  should  have  a  larger  u><.  Also,  new  values  for  Kj  are  chosen 
such  that  a  processor  whose  utilization,  <hj  wi>  is  much  smaller  than  1  has  its 

itS 

weight  decreased.  Having  chosen  the  jobs  for  the  service  set,  the  uVs  are 
further  approximated  by  solving  the  equations: 

Wi  +  2  a.i’j  Wi-  =  1  for  all  ieS 
jeR 

Pi'j  <  Pij 

where 


Oy  CLi<j 

Pij  <  Pi'j  <==>  77-  <  77- 

W' 

To  explore  the  system-oriented  aspect  of  such  a  scheduler,  we  can  inspect 

its  behaviour  assuming  all  jobs  have  the  same  urgency,  i.e.  C*  =  C  for  all  1 

Under  this  assumption,  the  objective  function  becomes  E  =  C  J]  wi>  i-e- 

icS 


scheduler  will  try  to  maximize  the  sum  of  the  effective  progress  rates  for  the 
jobs  in  the  service  set.  The  progress  rate  of  a  job,  according  to  the  procedure 
mentioned  above,  is  proportional  to  its  desirability.  The  desirability,  in  turn,  is 
inversely  proportioned  to  the  weighted  sum  of  the  relative  amount  of  resources 
consumed  by  the  job, 
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&<  Km  +  E  ^ 

jtR 

where  weights  are  proportional  to  the  utilization  of  resources.  The  effective  pro¬ 
gress  rates  are  also  determined  by  the  micro-scheduling  priorities  which  are 
inversely  proportional  to  the  relative  demands, 

Q'i'j 

Pij  <  Pi'S  <  =  =>  -Q-  < 

Overall  we  see  that  this  scheduler  tries  to  load  the  resources  to  capacity  by  set¬ 
ting  progress  rates  for  the  active  jobs.  The  problem  with  this  approach  is  that 
there  is  no  guarantee  that  the  progress  rates  set  by  the  above  procedure  will  be 
the  same  as  the  actual  progress  rates  during  the  upcoming  scheduling  interval. 
As  a  result,  we  have  no  proof  that  the  utilization  of  processors,  ^ij^i  f°r  Pro“ 

icS 

cessor  j,  will  be  high  because  of  the  uncertainty  in  the  values  of  wim 

The  approach  of  Kameda  and  Gotlieb  [16,  see  also  15]  is  somewhat  similar 
to  Mahl.  It  postulates  a  free  economy  system  in  which  each  job  tries  to  minimize 
its  waiting  time  for  processors  within  its  budget  constraint.  In  this  system,  the 
strategy  of  a  job  is  to  choose  a  combination  of  bids,  which  are  identical  to  priori¬ 
ties,  in  order  to  minimize  its  expected  total  waiting  time,  7*.  for  a  unit  of 
processing.  A  job  has  as  its  objective  function 

=  f j(Pij)aij 

ieR 

under  the  constraint 

Cl  =  E  Pij  +  Pm  t>i  T\  and  Pij  ^  0  for  all  j  eR 

j  eR 

Where: 

fjip)  -a  function  which  gives  the  expected  waiting  time,  per  unit 
of  processing  on  processor  j,  for  a  job  with  priority  p 
Ci  =  the  value  of  a  unit  of  processing  time  for  job  i 
pm  =  the  "price"  of  a  unit  of  main  storage 
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Even  though  a  job  starts  by  bidding  separately  for  each  processor,  the 
authors  demonstrate  the  existence  of  a  coherent  priority  queueing,  i.e.  a  prior¬ 
ity  di,  which  is  characteristic  of  the  job  regardless  of  processor,  where 


di  = 
di  £ 


dfjipij) 

dPij 

dfjiPij) 

dPij 


if  pij  >  0 
if  p^  =  0 


In  a  comparative  statics  analysis  Kameda  and  Gotlieb  reveal  the  system- 
oriented  aspect  of  their  scheduler,  which  is  similar  to  the  studies  mentioned 
before.  They  prove  that  an  increase  in  the  congestion  of  one  processor  leads  to 
a  decrease  in  priority  of  all  jobs  using  this  processor  provided  other  conditions 
remain  fixed.  Also,  jobs  with  larger  demand  for  a  congested  processor  will  lose 
more  priority  than  other  jobs.  This  works  towards  elimination  of  bottlenecks, 
and  levelling  off  processor  utilizations. 

A  major  problem  with  this  study  is  the  determination  of  fj(p),  i.e.  the  func¬ 
tion  which  maps  the  priority  of  a  job  to  the  amount  of  time  it  needs  to  wait  in 
order  to  receive  a  unit  of  processing  from  processor  j.  For  implementation  pur¬ 
poses  a  rough  approximation  for  di  is  suggested,  but  the  exact  determination  of 
the  above  function  remains  a  crucial  missing  link. 


Badel  and  Leroudier  [2]  describe  yet  another  macro-scheduling  algorithm 
for  balancing  processors.  Using  simulations  they  study  a  central  server  model 
of  a  virtual  memory  system.  Their  scheduler  attempts  to  regulate  the  service 
set  such  that  inter  request  intervals  for  a  processor  equal  its  mean  service  time. 
The  objective  is  to  balance  utilization  of  all  processors,  except  for  the  paging 
device.  For  optimum  system  performance  the  utilization  of  the  paging  device  is 
kept  at  about  .5  (see  also  Denning  et.al.  [11]).  The  macro-scheduler  selects  a 
job  for  loading  using  the  following  formula: 


Min 

it  inactive  set 


TFDj 

TIOjj 


(s  +  1) 
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where 


number  of  I/O  processors 


1 

^  ~~  ( 1-may) 


TFD 


+  may  otherwise 


gy  is  a  weighting  factor 
s  2  level  of  multiprogramming 

Uj  s  utilization  of  I/O  processor  j,  1 . m 

2  utilization  of  CPC/  without  overhead 
TFDj  2  mean  service  time  of  processor  j 

TIOij  2  mean  time  interval  between  consequtive  I/O  requests  by 
job  i  to  processor  j 

ay  s  a  coefficient  related  to  physical  characteristics  of  processor  j 

We  see  two  problems  with  the  above  approach.  The  first  is  that  the  authors 
do  not  explain  how  to  determine  ay.  A  stronger  reservation  concerns  the  appli¬ 
cability  of  the  macro-scheduler  to  more  general  cases.  While  for  some  proces¬ 
sors  mean  service  time  can  be  easily  predicted,  for  many  others  service  times 
are  a  function  of  consumption.  In  instances,  and  these  are  the  interesting 
cases,  where  we  do  not  know  how  to  predict  absolute  future  consumption,  the 
macro-scheduler  becomes  impractical.  Nevertheless,  Badel  and  Leroudier 
report  success  with  this  type  of  scheduler.  In  a  simulation  study,  system  dilata¬ 
tion  (sum  of  processor  utilizations)  increased  from  a  level  of  1.3  without  mixture 
control  to  levels  between  1.5  to  3  depending  on  the  load. 

The  last  balancing  strategy  considered  is  used  by  the  swapping  analysis 
algorithm  which  is  part  of  SRM  -  the  macro-scheduler  of  IBM  OS  VS2  [19  and  14]. 
The  swapping  analysis  algorithm  receives  three  swap)  recommendations  for  every 
candidate.  These  recommendations  are  produced  by  three  other  algorithms: 
the  CPU  load  adjusting,  the  I/O  load  adjusting,  and  the  workload  management. 
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The  swapping  analysis  algorithm  evaluates  a  weighted  sum  of  these  recommen¬ 
dations,  where  the  weights  are  parameters  of  the  system.  The  job  with  the 
highest  computed  value  is  swapped.  The  workload  management  algorithm  evalu¬ 
ates  each  swap  in  terms  of  its  effect  on  the  rate  at  which  the  job  is  supposed  to 
receive  service,  i.e.  its  objective  is  user-oriented.  The  objectives  of  the  other 
two  algorithms  are  system-oriented.  A  recommendation  value,  RV,  is  computed 
by  each  of  these  algorithms  as  follows: 

RV  =  D2  a 

where 

D  =the  distance  the  processor  is  from  its  acceptable  range 
a  =the  amount  of  processing  per  second  which  was  given  by  the 
processor  to  the  job 

A  sign  is  affixed  to  the  RV  indicating  whether  the  algorithm  favors  the  swap. 
In  the  case  of  the  I/O  load  adjusting,  a  logical  channel  is  considered  a  processor. 
If  more  than  one  of  the  logical  channels  needed  by  a  candidate  is  underutilized, 
then  D  and  a  are  computed  on  the  logical  channel  with  the  greatest  imbalance. 

A  problem  with  this  algorithm  is  that  the  expected  demand  of  a  job  is  based 
on  its  past  consumption  without  taking  into  account  the  mix  with  which  the  job 
had  been  active.  Two  quite  different  amounts  of  processing  per  second  can  be 
recorded  for  the  same  job,  if  in  one  case  the  monitoring  is  done  when  the  sys¬ 
tem  is  highly  utilized  and  in  the  other  when  the  system  is  underutilized.  There¬ 
fore,  the  use  of  absolute  amounts  of  recorded  consumption  for  predicting  future 
demand  can  be  misleading.  However,  in  a  simulation  study  reported  by  Rosen- 
feld  [22],  he  concluded  that  the  load  adjusting  algorithms  served  to  improve 
throughput,  especially  when  the  resources  were  not  overutilized.  Improvements 
of  5%  to  20%  were  observed  depending  on  system  load. 

To  summarize,  in  this  section  we  have  defined  system  balance  and  have 


> 
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made  it  the  objective  of  system-oriented  macro-scheduling.  Strategies  for 
balancing  a  system  with  a  variety  of  processors  were  discussed.  The  macro¬ 
schedulers  described  seem  to  be  effective,  but  there  is  no  proof  that  any  one  of 
them  performs  better  than  the  others.  A  comparative  study  of  different  balanc¬ 
ing  techniques  is  the  subject  of  the  next  section. 
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3.  A  Comparison  of  Macro-Scheduling  Strategies  Using  Simulations 

This  section  contains  a  description  of  simulations  which  were  carried  out  in 
an  attempt  to  determine  the  optimum  strategy  for  maximizing  system  produc¬ 
tivity,  i.e.  achieving  system  balance.  We  begin  by  describing  a  number  of  possi¬ 
ble  strategies  for  balancing  a  system  and  the  algorithms  which  were  developed 
to  implement  them.  Next,  the  simulating  program  and  simulated  computer  sys¬ 
tem  are  described.  A  discussion  about  the  performance  measure  used  to  com¬ 
pare  the  efficiency  of  the  macro-schedulers  follows.  Finally,  results  of  the  simu¬ 
lations  are  presented. 

3.1.  The  macro-schedulers 

Six  macro-schedulers  were  tested  and  compared.  The  first,  HCI.UP.  is 
based  on  a  simple  heuristic.  The  input  to  this  macro-scheduler  consists  of  pro¬ 
cessor  utilizations,  and  the  expected  processing  demands  of  each  candidate  for 
the  next  scheduling  interval.  The  HCLUP  algorithm  selects  the  candidate  which 
is  predicted  to  be  the  highest  consumer  of  the  ieast  utilized  processor. 

A  second  algorithm  was  developed  which  aims  towards  high  and  balanced 
utilizations  of  all  processors.  This  balancing  algorithm  is  best  explained  in 
terms  of  a  multi-dimensional  geometric  model  which  describes  the  space  of  pro¬ 
cessor  utilizations  (Figure  1).  Each  axis  in  this  space  corresponds  to  a  proces¬ 
sor  utilization.  In  it  we  identify  the  system  operating  point,  the  point  of  system 
balance,  and  the  target  direction.  System  operating  point  is  determined  by  the 
utilization  of  processors  at  some  invokation  time.  Because  the  intent  of  the 
strategy  is  balancing  utilization  of  all  processors,  a  target  direction  is  defined 
from  the  system  operating  point  to  the  point  of  system  balance. 
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Fig.  1. 

A  model  for  the  balancing  algorithm  with 
2  processors  and  3  jobs 


A  job  in  this  scheme  is  represented  by  a  direction  determined  by  its  rela¬ 
tive  processing  demands.  Assuming  that  the  prediction  of  the  relative  demands 
is  correct,  the  actual  amount  of  processing  which  will  be  delivered  to  an  active 
job  during  the  next  scheduling  interval  is  represented  by  a  point  along  this 
direction.  The  exact  coordinates  of  the  point  are  unknown  in  advance,  and 
depend  on  the  mix  with  which  the  job  will  reside.  The  effect  of  loading  a  new  job 
is  interpreted  as  moving  the  system  operating  point  in  the  direction  of  this  job. 
Consequently,  among  all  candidates  the  balancing  algorithm  singles  out  the  one 
whose  direction  is  closest  to  the  target  direction. 

A  formula  for  the  balancing  algorithm  is  developed  using  the  following  nota¬ 
tion: 

U'  =  current*  utilization  of  processor  j,  j  =  (l . R  ) 

•!ly  current  uUli7.atlon  we  mean  a  utilization  measured  ovrr  an  interval  which  ends  ut  the 
current  invokation  time  The  length  of  the  interval  it  a  parameter  of  the  macro- scheduler 
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Uj  =  a  coordinate  corresponding  to  processor  j,  of  a  point  which  lies  on  the  line 
between  the  system  operating  point  and  the  point  of  system  balance 
dij  =  relative  demand  of  job  i  from  processor  j,  for  the  next  scheduling  interval, 
such  that  the  actual  amount  of  processing  delivered  is  where  A*  is 

constant  for  all  j  during  a  scheduling  interval.  The  value  of  is  unknown 
as  it  depends  on  the  make-up  of  the  service  set 

With  current  system  operating  point  at  Ufa),  and  system  balance  at 

the  equations  of  the  target  direction  line  are: 

Ui  -  U\  =  =  Ur  -  Uk 

1  -U\  1  -  ug 

and  its  direction  cosines  are: 


i-m 


1  -u% 


Z  Z 

The  direction  cosines  of  job  i  are: 


where  Z  =  _  /J]  (l-Uf)1 
V  jeR 


di 
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where 


zi  zi  v  jcR 

If  8<  is  the  angle  between  the  direction  of  job  i  and  the  target  direction,  we  have: 


COS0 


.  V  -  1  ~  u°  1  V  ^  •  ('-W 


jeR  zi  Z  Z  jtR  zi 

Therefore,  selecting  a  candidate  whose  direction  is  closest  to  the  target  direc¬ 


tion  amounts  to  choosing  i  such  that 


Max  cos  0i  = 

ie  inactive  set 


Max 

ie  inactive  set 


.  _L  y  djj * ( 1  Uj) 

Z  jtR  zi 


This  equation  provides  the  selection  criterion  for  the  balancing  algorithm.  The 
chosen  job  has  demands  which  are  low  from  congested  processors  and  high  from 
underutilized  ones. 


Intuitively,  one  would  expect  the  balancing  scheduler  to  perform  better 
than  HCLUP.  HCLUP  selects  for  loading  the  job  which  is  the  highest  consumer  of 
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the  least  utilized  processor,  but  by  this  action  it  may  alter  the  utilization  of 
other  processors,  creating  new  congestion  points  without  increasing  produc¬ 
tivity.  The  balancing  algorithm,  on  the  other  hand,  considers  demands  on  all 
processors.  It  attempts  to  shift  the  system  operating  point  towards  a  system 
balance,  less  congestion  and,  presumably,  an  increased  production.  Another 
argument  in  favour  of  the  balancing  scheduler  is  that  the  type  of  information  it 
needs  is  not  as  restrictive  as  the  input  for  HCLUP,  or  for  the  adjusting  algo¬ 
rithms  of  SRM.  Knowing  absolute  demands  of  jobs  as  required  by  HCLUP  and 
SRM  implies  knowing  their  relative  demands  as  required  by  the  balancing  algo¬ 
rithm,  but  not  vice  versa.  Moreover,  if  the  computer  system  allows  for  swapping 
jobs  in  and  out  of  main  storage,  then  only  relative  demands  can  be  accurately 
monitored  as,  unlike  absolute  demands,  they  are  independent  of  the  mix  with 
which  the  job  resides. 

Two  more  algorithms  variations  of  HCLUP  and  the  balancing  scheduler  fol¬ 
low.  LCMUP  selects  the  job  which  is  expected  to  be  the  iowest  consumer  of  the 
most  utilized  processor.  It  operates  like  HCLUP,  but  deals  with  the  most  cong¬ 
ested  processor  as  opposed  to  the  least  utilized  one.  A  variation  of  the  balanc¬ 
ing  algorithm  is  Reltot.  Reltot  acts  on  the  assumption  that  in  order  to  achieve 
high  productivity,  processors  should  be  utilized  in  proportion  to  the  demand  by 
the  entire  load  on  the  system,  i.e.  service  set  plus  inactive  set.  As  a  result,  the 
point  of  system  balance  in  the  geometric  model  is  redefined.  The  coordinates  of 
the  point  of  system  balance  vary  in  proportion  to  the  total  demand  for  the 
corresponding  processor  by  all  jobs  in  the  system.  The  coordinate  of  the  pro¬ 
cessor  which  is  the  most  in  demand  is  set  to  1  and  other  coordinates  are  deter¬ 
mined  relative  to  it. 

Among  the  algorithms  mentioned  in  section  2.2,  the  one  employed  by  SRM 
[19  and  14]  has  been  implemented.  We  have  expanded  it  such  that  a  recommen- 
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dation  value  is  computed  for  each  processor. 

Finally,  the  /Lrst  come  first  served  (FCFS)  scheduling  discipline  was  simu¬ 
lated.  As  FCFS  operates  independently  of  processor  utilization  and  job 
demands,  it  serves  as  a  comparison  scheme  for  the  other  five  macro-schedulers. 

3.2.  The  simulated  system 

To  test  these  schedulers  a  stochastic,  event-driven  simulation  program  was 
written  in  PL/C.  In  the  simulated  system  new  arrivals  join  a  pool  of  inactive 
jobs.  There  is  a  constant  number  of  jobs  in  the  system,  i.e.  starting  with  a  cer¬ 
tain  number  of  jobs  present  in  the  inactive  set  for  every  job  which  leaves  an 
arrival  is  generated.  To  provide  the  macro-schedulers  with  the  information  they 
require,  the  following  procedure  was  adopted.  Every  processor  is  associated 
with  a  probability  distribution  function,  fj.  Upon  arrival,  a  job  is  assigned  a  set 
of  values  (one  for  every  processor)  sampled  from  the  fj  functions.  The  C^-'s 
remain  constant  throughout  the  job's  lifetime,  and  are  the  amount  of  service  a 
job  receives  each  time  it  is  assigned  a  processor. 

The  total  number  of  visits  a  job  makes  to  all  processors  is  fixed  for  every 
job,  and  equals  R*MULT,  where  R  is  the  number  of  processors  in  the  system  and 
MULT  is  the  expected  number  of  visits  a  job  makes  to  each  processor.  This  is 
the  result  of  giving  equal  probabilities  to  all  processors  in  a  random  selection  of 
the  first  and  next  processor  requested  by  a  job.  With  this  scheme,  the  expected 
total  processing  demand  of  job  i  from  processor  j  is  MULT*  Cij. 

In  compliance  with  the  restriction  on  macro-scheduling  algorithms  men¬ 
tioned  in  section  1,  storage  capacity  is  not  a  constraint.  In  order  to  simplify  the 
system  and  keep  the  macro-scheduling  aspect  distinct,  jobs  cannot  be  swapped 
out  of  main  storage;  that  is  once  jobs  are  selected  they  remain  in  the  service  set 
to  completion.  The  multiprogramming  level  is  fixed  for  the  duration  of  the  simu- 


-  21  - 


lation,  hence,  the  macro-scheduler  is  invoked  only  when  a  job  terminates,  and  at 
invokation  time  only  one  job  is  selected.  Once  a  job  becomes  active,  it  can  be 
served  by  at  most  one  processor  at  a  time.  This  simplifies  the  simulation,  but 
also  appears  as  an  assumption  in  the  analytical  studies  of  macro-schedulers 
mentioned  earlier.  Two  micro-scheduling  disciplines  were  implemented:  FCFS 
and  processor  sharing  (PS).  PS  is  a  discipline  in  which  there  is  no  queueing  for  a 
processor.  If  I  jobs  need  to  use  a  processor  for  an  interval  of  T  time  units,  then 
each  job  will  receive  T/I  units  of  processing.  During  a  simulation  run  one  of 
these  rules  is  applied  to  all  processors. 

The  stochastic  elements  of  the  simulation  are  based  on  a  PL/C  built-in  func¬ 
tion  called  RAND  which  is  a  generator  of  pseudo-random  numbers.  Any  time  a 
given  seed  is  used  with  RAND,  the  same  pseudo-random  number  is  generated. 
The  program  exploits  this  fact  by  carrying  out  the  simulation  for  a  specified 
length  of  time  using  one  macro-scheduler.  After  results  are  accummulated,  the 
program  goes  through  a  reinitialization  phase  and  an  identical  sequence  of  jobs 
is  generated  and  used  with  a  different  macro-scheduler.  All  six  schedulers  are 
examined  with  the  same  data  during  one  run  of  the  program. 

3.3.  The  definition  of  system  productivity  -  a  measure  of  system  balance 

In  section  2.1  we  have  defined  the  obejective  of  system  balance.  Before 
presenting  the  simulation  results,  a  performance  measure  for  system  balance, 
P ,  has  to  be  defined  and  justified.  According  to  Ferrari  [12],  two  main  classes  of 
computer  system  performance  are: 

1.  the  value  of  information  processed  by  the  system  in  the  unit  time,  and 

2.  the  ratio  between  the  time  a  specified  part  of  the  system  is  used  (or  used  for 
some  specified  purposes)  during  a  given  interval  of  time  and  the  duration  of  that 


interval. 
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The  most  common  measure  of  the  first  class  is  throughput,  which  is  the 
amount  of  useful  work  completed  per  unit  of  time  with  a  given  workload  [24].  In 
performance  measurement  and  evaluation  workload  is  typically  characterized  in 
terms  of  the  number  of  jobs  which  belong  to  a  particular  class,  where  classes 
are  distinguished  according  to  demands  on  resources.  We  denote  the 
throughput  of  class  i  by  A*.  In  this  study  we  are  not  interested  in  any  particular 
class  of  jobs  but  in  the  combination  of  all  classes.  Therefore,  P,  the  measure  of 
performance  is  proportional  to  the  sum  of  throughputs  over  all  job  classes,  51. 
However,  from  a  system  point  of  view,  increasing  the  throughput  of  a  class  with 
large  processing  demands  is  more  important  than  providing  the  same  increase 
to  a  class  with  low  demands.  Consequently,  the  throughput  of  each  class  in  P  is 
weighted  by  the  expected  total  processing  demands  of  a  job  in  this  class,  Di.  P, 
the  productivity  measure  of  performance  is  therefore  defined  as 

p  =  E  \  Of 

ieS 

Note  that  23t  =  where  ty  is  the  expected  total  amount  of  processing 

j  eR 

delivered  to  a  class  i  job  by  processor  j  during  the  measurement  interval. 

This  definition  of  productivity  ties  in  with  the  second  class  of  system  perfor¬ 
mance,  mentioned  above,  whose  most  common  measure  is  the  utilization  of  a 
processor,  Uj.  If  utilization  of  a  processor  is  a  valid  performance  measure,  then 
so  is  the  sum  of  utilizations  over  all  processors*, 

U  =  E  Vj- 

j  cR 

By  definition  Uj  =  J]  \  t y,  hence: 

i  eS 

v  =  E  E  ty  =  s  \  *  E  ki  =  E  \  Di  =  p- 

jeR  itS  ieS  jcR  icS 

This  proves  that  the  measure  of  productivity  equals  the  sum  of  utilizations  over 

•Note  that  in  the  definitions  of  P  and  U  all  processors  are  taken  to  be  equally  important.  If 
in  some  systems  the  importance  of  processor  utilization  varies,  weights  can  be  appended  to 
the  utilization  of  processors  in  the  definition  of  U,  or  to  tij  in  the  definition  of  P. 
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all  processors.  We  shall  measure  P  by  summing  utilizations,  in  order  to  keep  it 
independent  of  the  division  of  workload  into  classes.  This  is  equivalent  to  calcu¬ 
lating  P  as  a  weighted  sum  of  throughputs,  where  every  job  is  in  a  class  of  its 
own.  Our  measure  of  performance,  P,  is  not  new.  Leroudier  and  Potier  [lCl  and 
Badel  and  Leroudier  [2]  use  the  same  measure  and  call  it  dilatation.  They  prove 
that  apart  from  indicating  utilization  of  processors,  dilatation  is  a  measure  of 
the  ratio  of  real  execution  time  of  s  jobs  with  no  multiprogramming  to  real  exe¬ 
cution  time  of  s  jobs  with  a  multiprogramming  degree  s.  In  other  words,  dilata¬ 
tion  is  a  measure  for  the  efficiency  of  multiprogramming,  or  the  degree  of  paral¬ 
lelism  achieved.  Moreover,  Badel  et.al.  [l]  show  that  increasing  dilatation 
improves  average  response  time  in  the  system.  Finally,  Leroudier  and  Potier 
show  that  having  processors  utilized  to  the  same  degree  optimizes  the  measure 
of  dilatation. 

In  the  simulations,  the  efficiency  of  the  macro-schedulers  was  measured  by 
taking  the  average  of  the  utilizations  over  all  processors.  Average  was  chosen 
because  it  is  directly  proportional  to  the  sum,  P,  but  independent  of  the  number 
of  processors.  During  simulations  results  were  collected  either  after  every  lapse 
of  a  certain  time  interval,  or  after  every  termination  of  a  specified  number  of 
jobs.  U!f,  the  current  utilization  of  a  processor  was  calculated  over  an  interval  of 
simulated  time  starting  at  the  first  invokation  of  the  macro-scheduler,  and  end¬ 
ing  when  Uj  was  computed. 

3.4.  Simulation  results 

In  one  sense  results  of  the  simulations  were  disappointing  as  they  demon¬ 
strated  that  none  of  the  macro-schedulers  is  superior  to  the  others.  In  particu¬ 
lar,  the  balancing  algorithm,  contrary  to  intuition,  did  not  prove  to  be  always 
better  than  the  more  simple  heuristics  in  which  only  one  processor  is  con¬ 
sidered.  However,  all  five  computational  schedulers  are  better  than  FCFS.  As  an 
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illustration,  results  of  three  typical  simulations  Eire  presented  (see  Figures  2,  3, 
and  4).  Parameters  common  to  all  three  examples  sire: 

•  number  of  processors  R  =  3 

•  expected  number  of  visits  a  job  makes  to  each  processor  MULT=10 

•  size  of  service  set  s=10 

•  a  processor  sharing  micro-scheduling  discipline  for  all  processors 

These  simulations  were  carried  out  for  the  duration  of  40,000  units  of  simulated 
time  for  each  macro-scheduler.  The  measure  of  average  processor  utilizations 
was  produced  at  regular  intervals  and  plotted  accordingly. 

In  the  first  example,  the  inactive  set  consists  of  50  jobs.  The  fj  functions 
from  which  the  mean  of  the  demand  for  a  processor  is  sampled  are  equal  for  all 
processors,  fi  =  f2  =  f$  =  Uniform  (0,40).  Figure  2  depicts  the  results  from 
which  it  is  suggested  that  LCMUP  is  better  than  all  other  macro-schedulers, 
improving  average  utilization  over  FCFS  by  about  5  percentage  points. 

In  the  second  example  (Figure  3),  all  parameters  remain  constant  except 
for  the  size  of  the  inactive  set  which  is  increased  to  500  jobs.  In  this  case,  the 
macro-schedulers  have  a  tenfold  larger  selection  of  candidates  to  choose  from. 
As  a  result,  the  improvement  in  average  utilization  over  FCFS  is  by  about  7 
points.  Also,  the  order  of  the  macro-schedulers  according  to  efficiency  has 
changed;  the  balancing  and  Reltot  are  best  here.  Note  that,  as  expected, 
because  the  demand  functions  for  all  processors  are  equal  and  the  number  of 
jobs  in  the  system  is  large,  the  performances  of  Reltot  and  the  balancing 
scheduler  are  close.  In  addition,  typical  of  the  situation  when  the  inactive  set  is 
large,  the  efficiency  of  the  macro-schedulers  declines  with  time.  The  reason  is 
that  the  variety  of  candidates  decreases  when  they  are  continuously  subjected 
to  one  type  of  selection.  This  suggests  another  reason  (in  addition  to  those 
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given  in  section  1)  for  using  these  macro-schedulers  as  best-one-step  algo¬ 
rithms. 

In  the  last  example  (Figure  4),  the  demands  for  processors  are  not  bal¬ 
anced.  The  size  of  the  inactive  pool  was  set  at  250  jobs,  and  the  values  of  the  fj 
functions  were  changed  to:  f\  =  Uniform  (0,10),  =  Uniform  (0,40),  and  / 3  = 

Uniform  (0,60).  Here,  the  balancing  scheduler  proved  superior.  It  improves 
average  utilizations  when  compared  with  FCFS  by  about  15  percentage  points. 
Note  that  as  the  toted  demand  for  processors  is  unbedanced,  the  efficiency  of 
Reltot  is  quite  different  from  the  balancing  algorithm. 

Many  simulation  runs  were  made  in  which  the  influence  of  different  system 
parameters  on  the  performance  of  the  macro-schedulers  was  investigated.  The 
outcome  shows  no  consistent  superiority  of  any  one  macro-scheduler,  even 
under  fixed  conditions,  i.e.  when  only  stochastic  variations  are  allowed.  How¬ 
ever,  a  common  feature  of  the  simulations  is  that  HCLUP,  LCMUP,  the  balancing, 
Reltot,  and  SRM  were  more  efficient  than  FCFS,  in  almost  every  case. 

3.5.  Conclusions 

The  conclusion  to  this  point  is  that  even  a  simple  heuristic  for  balancing  the 
system  increases  its  productivity.  However,  none  of  the  strategies  examined 
appears  to  be  optimal  for  maximizing  system  productivity,  i.e.  for  reaching  sys¬ 
tem  balance.  To  find  an  optimal  scheduler  some  additional  insight  is  needed. 
This  comes  from  the  realization  that  the  above  macro-schedulers  do  not  fully 
consider  the  interactions  among  active  jobs.  The  balancing  algorithm,  for 
instance,  could  be  ideal  in  a  system  where  jobs  do  not  have  to  share  or  queue  for 
processors.  The  fact  that  jobs  apportion  or  line  up  for  the  use  of  processors 
decreases  the  efficiency  of  the  system,  thus,  it  should  influence  the  decisions  of 
the  macro-scheduler.  This  theory  will  be  expanded  in  a  following  paper. 
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FOR  A  DATA  BASE  MACHINE 
E.A.  Ozkarahan  and  S.A.  Schuster,  October  1976 

CSRG-75  DO  CONSIDERED  OD:  A  CONTRIBUTION  TO  THE  PROGRAMMING 
CALCULUS 

Eric  C.R.  Hehner,  November  1976 
Acta  Informatica  to  appear  1979 

CSRG-76  SOFTWARE  HUT:  A  COMPUTER  PROGRAM  ENGINEERING 
PROJECT  IN  THE  FORM  OF  A  GAME 
J.J.  Horning  and  D.B.  Wortman,  November  1976 
[IEEE  Transactions  on  Software  Engineering,  v.SE-3,  n.4,  July  1977] 

CSRG-77  A  SHORT  STUDY  OF  PROGRAM  AND  MEMORY  POLICY  BEHAVIOUR 
G.  Scott  Graham,  January  1977 

CSRG-78  A  PANACHE  OF  DBMS  IDEAS 

D.  Tsichritzis  (ed.),  February  1977 

CSRG-79  THE  DESIGN  AND  IMPLEMENTATION  OF  AN  ADVANCED  LALR 
PARSE  TABLE  CONSTRUCTOR 
David  H.  Thompson,  April  1977 
[M.Sc.  Thesis,  DCS,  1976] 

CSRG-BO  AN  ANNOTATED  BIBLIOGRAPHY  ON  COMPUTER  PROGRAM 
ENGINEERING 

D.  Barnard  (ed.),  Fifth  Edition,  May  1977 

CSRG-B1  PROGRAMMING  METHODOLOGY:  AN  ANNOTATED  BIBLIOGRAPHY 
FOR  1FIP  WORKING  GROUP  2.3 

Sol  J.  Greenspan  and  J.J.  Horning  (eds.),  First  Edition,  May  1977 

CSRG-B2  NOTES  ON  EUCLID  J 

edited  by  W.  David  Elliot  and  David  T.  Barnard,  August  1977 

CSRG-B3  TOPICS  IN  QUEUEING  NETWORK  MODELING 
edited  by  G.  Scott  Graham,  July  1977 

CSRG-84  TOWARD  PROGRAM  ILLUSTRATION 

Edward  Yarwood,  September  1977 
[M.Sc.  Thesis,  DCS,  1974] 

CSRG-85  CHARACTERIZING  SERVICE  TIME  AND  RESPONSE  TIME 

DISTRIBUTIONS  IN  QUEUEING  NETWORK  MODELS  OF  COMPUTER 
SYSTEMS 

Edward  D.  Lazowska,  September  1977 
[Ph.D.  Thesis,  DCS,  1977] 
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CSRG-86  MEASUREMENTS  OF  COMPUTER  SYSTEMS  FOR  QUEUEING 
NETWORK  MODELS 
Martin  G.  Kienzle,  October  1977 

[M.Sc.  Thesis,  DCS,  1977;  Proc.  Int.  Symp.  on  Modelling  and  Performance 
Evaluation  of  Computer  Systems,  Vienna,  1979] 

CSRG-B7  ’OLGA’  LANGUAGE  REFERENCE  MANUAL 

B.  Abourbih,  H.  Trickey,  D.M.  Lewis,  E.S.  Lee, 

P.I.P.  Boulton,  November  1977 

CSRG-BB  USING  A  GRAMMATICAL  FORMALISM  AS  A  PROGRAMMING  LANGUAGE 
Brad  A.  Silverberg,  January  197B 
[M.Sc.  Thesis,  DCS,  1978] 

CSRG-B9  ON  THE  IMPLEMENTATION  OF  RELATIONS:  A  KEY  TO  EFFICIENCY 
Joachim  W.  Schmidt,  January  197B 

CSRG-90  DATA  BASE  MANAGEMENT  SYSTEM  USER  PERFORMANCE 
Frederick  H.  Lochovsky,  April  1978 
[Ph.D.  Thesis,  DCS,  1978] 

C3RG-91  SPECIFICATION  AND  VERIFICATION  OF  DATA  BASE 
SEMANTIC  INTEGRITY 
Michael  Lawrence  Brodie,  April  1978 
[Ph.D.  Thesis,  DCS,  1978] 

CSRG-92  STRUCTURED  SOUND  SYNTHESIS  PROJECT  (SSSP): 

AN  INTRODUCTION 

by  William  Buxton,  Guy  Fedorkow,  with  Ronald  Baecker, 

Gustav  Ciamaga,  Leslie  Mezei  andK.C.  Smith,  June  1978 

CSRG-93  A  DEVICE-INDEPENDENT, GENERAL-PURPOSE  GRAPHICS  SYSTEM 
IN  A  MINICOMPUTER  TIME-SHARING  ENVIRONMENT 
William  T.  Reeves,  August  1978 
[M.Sc.  Thesis,  DCS,  1978] 

CSRG-94  ON  THE  AXIOMATIC  VERIFICATION  OF 
CONCURRENT  ALGORITHMS 
Christian  Lengauer,  August  1978 
[M.Sc.  Thesis,  DCS,  1978] 

CSRG-95  PISA:  A  PROGRAMMING  SYSTEM  FOR  INTERACTIVE 
PRODUCTION  OF  APPLICATION  SOFTWARE 
Rudolf  Marty,  August  1978 

CSRG-96  ADAPTIVE  MICROPROGRAMMING  AND  PROCESSOR  MODELING 
Walter  G.  Rosocha 
[Ph.D.  Thesis,  EE,  August  1978] 

CSRG-97  DESIGN  ISSUES  IN  THE  FOUNDATION  OF  A  COMPUTER-BASED 
TOOL  FOR  MUSIC  COMPOSITION 
William  Buxton 

[M.Sc.  Thesis,  CSRG,  October  1978] 
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CSRG-98  THEORY  OF  DATABASE  MAPPINGS 
Anthony  C.  Klug 

[Ph.D.  Thesis,  DCS,  December  1978] 

CSRG-99  HIERARCHICAL  COROUTINES:  A  MECHANISM  FOR  IMPROVED 
PROGRAM  STRUCTURE 
Leonard  I.  Vanek,  February  1979 

CSRG-100  TOPICS  IN  PERFORMANCE  EVALUATION 
G.  Scott  Graham  (ed.),  July  1979 

CSRG-101  A  PANACHE  OF  DBMS  IDEAS  II 

F.H.  Lochovsky  (ed.),  May  1979 

CSRG-1 02  A  SIMPLE  SET  THEORY  FOR  COMPUTING  SCIENCE 
Eric  C.R.  Hehner,  May  1979 

CSRG-103  THE  CENTRALIZED  ALGORITHM  IN  DISTRIBUTED  SYSTEMS 
Ernest  J.H.  Chang 
[Ph.D.  Thesis,  DCS,  July  1979] 

CSRG-104  ELIMINATING  THE  VARIABLE  FROM  DIJKSTRA’S 
MINI-LANGUAGE 
D.  Hugh  Redelmeier,  July  1979 

CSRG-105  A  LANGUAGE  FACILITY  FOR  DESIGNING  INTERACTIVE 
DATABASE-INTENSIVE  APPLICATIONS 
John  Myiopoulos,  Philip  A.  Bernstein,  Harry  K.T.  Wong, 
July  1979 

CSRG-106  ON  APPROXIMATE  SOLUTION  TECHNIQUES  FOR 

QUEUEING  NETWORK  MODELS  OF  COMPUTER  SYSTEMS 
Satish  Kumar  Tripathi,  July  1979 

CSRG-107  A  FRAMEWORK  FOR  VISUAL  MOTION  UNDERSTANDING 
John  K.  Tsotsos,  John  Myiopoulos,  H.  Dominic  Ccwey 
Steven  W.  Zucker,  DCS,  June  1979 

CSRG-1 08  DIALOGUE  ORGANIZATION  AND  STRUCTURE  FOR 
INTERACTIVE  INFORMATION  SYSTEMS 
John  Leonard  Barron 
[M.Sc.  Thesis,  DCS,  1980] 

CSRG-1 09  A  UNIFYING  MODEL  OF  PHYSICAL  DATABASES 
D.S.  Batory,  C.C.  Gotlieb,  April  1980 

CSRG-1 10  OPTIMAL  FILE  DESIGNS  AND  REORGANIZATION  POINTS 
D.S.  Batory,  April  1980 

CSRG-1 11  A  PANACHE  OF  DBMS  IDEAS  III 
D.  Tsichritzis  fed.),  April  1980 
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CSRG-1 12  TOPICS  IN  PSN  -  II:  EXCEPTIONAL  CONDITION 

HANDLING  IN  PSN;  REPRESENTING  PROGRAMS  IN  PSN; 
CONTENTS  IN  PSN 

Yves  Lesperance,  Byran  M.  Kramer,  Peter  F.  Schneider 
April,  1980 

CSRG-1 13  SYSTEM-ORIENTED  MACRO-SCHEDULING 
C.C.  Gotlieb  and  A.  Schonbach 
May  1980 


